To evaluate the effect of widely used parenteral vaccination of dams against neonatal colibacillosis, the virulence factors of the intestinal Escherichia coli flora, namely, 0 serogroup, enterotoxin(s) produced (heat labile, porcine heat stable, and murine heat stable) and adhesins (K88, K99, and 987P antigens) of 149 piglets from different herds in Sweden were investigated. Three categories were investigated: healthy piglets, diarrheal piglets born to unvaccinated dams, and diarrheal piglets born to dams vaccinated with a polyvalent Formalin-killed whole-cell vaccine containing K88 antigen (Porcovac; Hoechst Pharmaceuticals, Hounslow, England). Piglets less than 1 week old and those 1 to 8 weeks old were evaluated separately. Diarrheal piglets less than 1 week old from vaccinated dams yielded a higher incidence of K99 antigen-positive E. coli of the murine heat-stable enterotoxigenicity type compared with piglets of the same age group from unvaccinated dams. The percentage of diarrheal cases from which E. coli lacking recognized virulence attributes were isolated was also higher in the former compared with the latter group. In the 1-to 8-week-old diarrheal piglets of vaccinated dams, the overall incidence, enterotoxigenicity type, and serotype of the E. coli isolates resembled those of diarrheal piglets less than 1 week of age from unvaccinated herds. Enterotoxigenic E. coli bearing 987P antigen detectable in vitro was rare. Most of the enterotoxigenic isolates lacking K88, K99, and 987P antigens produced only ST. The investigation pinpoints some of the inadequacies of vaccines of the type studied under field conditions.
Enterotoxin-producing Escherichia coli (ETEC) is a major cause of diarrhea in neonatal and weaning piglets. Two types of enterotoxin, heat labile (LT) and heat stable (ST), are produced. Two forms of ST produced by porcine ETEC have been described (2, 9, 21) . Adhesion of ETEC to intestinal epithelial cells is the primary phase in infection, whereupon colonization of the small intestine ensues. Three bacterial surface-associated, fimbrial adhesive factors that mediate attachment have been so far characterized: K88 antigen, K99 antigen, and 987P antigen (15) .
The role of these fimbriae or fimbria-like antigens in the pathogenesis of colibacillosis has led to assessment of the protective effects of anti-fimbrial antibodies against diarrheal disease. Antibodies against K88 antigen prevent attachment of K88-positive ETEC to epithelial cells of the small intestine in vitro (12, 32 tal vaccines comprising purified K88, K99, or 987P antigen confers protection of neonatal suckling piglets against diarrhea caused by ETEC bearing the homologous adhesin (13, 17, 18) .
In the prophylactic treatment of neonatal colibacillosis in piglets under field conditions, vaccination of dams with autogenous or standard commercial vaccines has been used widely in Sweden and in other countries for several years. Several commercial vaccines are available which contain killed bacteria, heat-treated bacteria, LT, K88 antigen, or combinations thereof.
In a clinical trial in Sweden of a polyvalent E. coli whole-cell vaccine (Porcovac; Hoechst Pharmaceuticals, Hounslow, England) which contains K88 antigen, Bergstrom (1) reported a good clinical effect in more than 80% of the vaccinated herds. Although in some herds the time from farrowing to the occurrence of diarrhea was only delayed by 1 to 2 weeks, the disease then had less severe symptoms. However, in six vaccinated herds, 57% of the litters born to 272 sows got diarrhea with 85 to 100% (20) . Despite the fact that experimental vaccines, e.g., fimbrial vaccines, have given good protection against challenge strains bearing the same adhesin, little is known about possible changes in the characteristics of E. coli isolated from diarrheal piglets born to vaccinated dams under field conditions. For example, the use of a commercial vaccine for colibacillosis in Holland led to the identification of ETEC bearing a new antigenic variant of K88 antigen, namely, K88ad (7).
The aim of the present investigation was to extend the earlier studies on E. coli isolated from Swedish piglets with neonatal diarrhea in unvaccinated herds compared with isolates from healthy piglets (30) to include piglets with diarrhea from herds vaccinated with the Porcovac vaccine. The relative frequencies of production of enterotoxins and adhesins and of 0-groups in E. coli isolates from piglets with diarrhea were compared in two age groups.
( dams in herds reported to be free from diarrhea for more than 1 year; (ii)-diarrheal piglets born to unvaccinated dams; and (iii) diarrheal piglets born to vaccinated dams. Piglets in each category were divided into two age groups, namely: less than 1 week old ("newborn") and 1 to 8 weeks old ("older"). Part of categories (i) and (ii) had been previously examined by Sbderlind and Mollby (30) . The autopsies of piglets without diarrhea were performed at the National Veterinary Institute. Piglets in the diarrheal groups were autopsied at regional laboratories or at the National Veterinary Institute. Upon primary bacteriological cultural of small intestinal contents, 10 colonies with the typical appearance of those of E. coli were randomly picked for further investigation of each piglet (30) . Verification of the identity of isolates as E. coli was performed by standard biochemical tests (26) . 0 antigen determination. Antisera for 0 antigen determination were prepared as described earlier (27 Determination of K88, K99, and 987P antigens. Determination of all three antigens was performed by slide agglutination tests. All isolates were first screened for the presence of K88 antigen. K88-negative strains were subsequently tested for K99 and 987P antigens.
K88 antisera were produced as previously described (24, 27) . Tests were performed with bacteria grown on 5% horse blood agar plates. The K99 antiserum used was that described by Smyth et al. (25) . Isolates were grown on Minca-IsoVitaleX (BBL Microbiology Systems) agar medium (8, 25) . Tests for 987P antigen were made with bacteria from horse blood agar plates. All plates were incubated for 18 h at 37TC.
987P antiserum. An anti-987P antigen antiserum was produced by immunization of rabbits by the schedule of Evans et al. (4) . The vaccine was composed of strain 987, which was kindly supplied by H. W. Moon, National Animal Disease Center, Ames, Iowa, together with a small sample of control antiserum. A wellpiliated subculture, selected on the basis of colony morphology and reactivity with control antiserum, was grown on horse blood agar and suspended in 0.15 M NaCl containing 0.5% (vol/vol) Formalin. An antiserum pool was absorbed extensively with both heatkilled and live suspensions of a 987P-negative variant derived from the parent culture. Immunoglobulins were partly purified and stored at 4°C in 0.1 M NaCl containing 15 mM NaN3 (10).
Enterotoxigenicity tests. Bacterial suspensions and culture supernatant fluids for the different enterotoxigenicity tests were prepared as described earlier (21, 29) . Three test procedures were used: (i) the intestinal loop test in 3-to 7-week-old piglets, using bacterial suspensions (28); (ii) the Y1 adrenal cell test for LT, using culture supernatant fluids (29) ; and (iii) the infant mouse test for ST in 2-to 3-day-old mice, using heat- (21, 30) . Furthermore, Franklin and coworkers (5, 6) found that the properties of production of LT and STpig were cotransferred to 100%o in conjugation experiments from porcine ETEC to an E. coli K-12 recipient.
With the exception of the group of 1-to 8-week-old diarrheal piglets from unvaccinated dams, all 10 isolates from each piglet were tested in the Y1 adrenal cell test and by bacterial challenge in the piglet intestinal loop test. When all 10 isolates from any one piglet in the above excluded group were of the same 0 serogroup, at least 3 were tested for enterotoxigenicity, the findings being taken as representative of all 10 isolates. When isolates belonged to more than one 0 serogroup, 4 to 10 isolates were tested when considered necessary to cover the number of serogroups.
The above rationalization of enterotoxigenicity testing was generally applied to the performance of infant mouse tests in all six groups of piglets. From 3 to 10 isolates from each piglet were tested for STmousc depending on the overall picture of findings with respect to 0 serogroup, fimbrial antigen, and results from Y1 adrenal cell and piglet intestinal loop tests. RESULTS 0 antigen distribution. Comparing the frequencies of 0 serogroups in healthy piglets and diarrheal piglets from unvaccinated and vaccinated dams (Table 3) , the most apparent differences were found with regard to 0 serogroup 149 and in-house nontypable strains. The frequency of 0 serogroup 149 strains was 53% in newborn diarrheal piglets from unvaccinated herds compared with 18% in newborn diarrheal piglets from vaccinated herds. However, in the older piglets from vaccinated herds, the frequency of 0 serogroup 149 was comparable to that in the newborn piglets from unvaccinated herds. In contrast, the incidence of 0149 strains diminished in older piglets from unvaccinated herds. Furthermore, the frequency of strains belonging to 0 serogroups other than 0149 which were represented in the vaccine was 13% in newborn diarrheal piglets from unvaccinated herds but only 5% in the same age group from vaccinated herds.
The frequencies of in-house nontypable strains were similar in both age groups of piglets from unvaccinated herds, whereas the lower incidence of such strains in the older piglets compared with the newborn piglets from vaccinated herds corresponded to the notably higher occurrence of 0149 strains.
Occurrence of isolates belonging to a single 0 serogroup in individual piglets. The distribution of piglets harboring 10 isolates of a single 0 serogroup, which indicates a pathogenic importance of the isolated strain, is shown in Table 4 . About 33% of the newborn piglets from vaccinated herds yielded isolates of a homogeneous serogroup compared with 75% in the older pig- All but one of the 0149 isolates from the diarrheal piglets produced enterotoxin compared with three out of nine from the healthy piglets. With respect to the in-house nontypable strains, less than 20% of these in any piglet group produced enterotoxin. Subsequent serotyping of the in-house nontypable, enterotoxinproducing isolates from the piglets of both age groups of the vaccinated category showed that these belonged to serogroups 0101 and 0140, with the exception of two strains.
Enterotomigenicity. In the diarrheal groups, 50%o or more of the piglets harbored ETEC ( Only one diarrheal piglet yielded 987P antigen-positive, enterotoxin-producing isolates (Table 6 ), which were of 0 serogroup 8 and were of the STpig+STmouse+ enterotoxigenicity type. The one 987P-positive isolate from an older healthy piglet was an 0141 STpig strain. In addition, five nonenterotoxigenic 987P-positive isolates were found.
Of the 595 ETEC isolates examined, 88 (14.8%) lacked any of the three fimbrial antigens (Table 6 ). All but nine of these adhesin-negative ETEC produced only ST, 58% of the latter being of the STpig enterotoxigenicity type. The nine exceptions were LT'STpig' isolates from one piglet of the older age group from unvaccinated herds. Of the 12 piglets yielding adhesin-negative enterotoxigenic isolates, six belonged to the healthy category. DISCUSSION It is evident from the present study that both the serological and enterotoxigenic spectra of E. coli isolates from piglets with diarrhea during their first week of life were greatly changed by vaccination of dams under field conditions with a commercially available, multicomponent whole-cell vaccine containing K88 antigen. Notably, there was a markedly lower incidence of enterotoxigenic strains of serotype 0149:K88 and a higher incidence of K99-positive strains, producing only ST, in the newborn piglets from vaccinated herds compared with the newborn piglets from unvaccinated herds. Whether this relatively higher incidence of K99+ strains in diseased piglets is the result of a selection of herds already colonized by these strains which can cause diarrhea or whether it reflects an increase in the total number of herds colonized with such strains cannot be fully evaluated from our findings.
These data indicated that the vaccination of dams conferred some protection against the most prevalent ETEC strains in Swedish herds with diarrheal problems, but left piglets suscep- The passive protection accorded newborn piglets by colostrum from vaccinated dams appears on the basis of the present findings to have a duration of about 1 week. In the older group of diarrheal piglets (1 to 8 weeks old) from vaccinated dams, the overall incidence, enterotoxigenicity type, and serotype of E. coli resembled those found in newborn diarrheal piglets from unvaccinated herds. In fact, one-third of the older diarrheal piglets in the vaccinated category which harbored enterotoxigenic E. coli belonging to 0 group 149 were 7 to 14 days old.
Vaccination of dams gives rise to high titers of immunoglobulin G (IgG) in the colostrum and secretary IgA in the milk (3, 11, 22) . The relatively abrupt ending of maternal protection of the piglet may be due to the rapidly decreasing content of antibodies in the milk (18) . Jones and Rutter (13) reported that K88 precipitins disappeared after 7 days. It has also been shown that under passive protection from the sow, the intestinal immunological defense of neonatal piglets is not stimulated to the same extent during the first weeks of life. For example, passive immunity hinders the formation of antibody-forming cells in piglet intestines for up to 19 days after birth (31) . Consequently, diarrheal disease may occur when the passive protection diminishes.
From the present investigation (Tables 4 to 6 ), it is unclear what caused the diarrheal disease in about one-third of the newborn piglets from unvaccinated herds and in two-thirds of the newborn piglets from vaccinated herds. A possible candidate might have been rotavirus (14, 33) , but this diarrheal agent has been infrequently recognized in young piglets in Sweden (J. Moreno-Lopez, personal communication). Before this gap in current knowledge is filled, there will continue to be neonatal diarrhea in Swedish swine herds despite vaccination, possibly even in increasing numbers.
In summary, the present investigation pinpoints some of the inadequacies of vaccines of the type studied under field conditions. In the vaccinated herds, an apparent selection occurred towards E. coli strains with other enterotoxigenic patterns and bearing other adhesins. Second, in vaccinated herds, a higher percentage of the diarrheal cases appeared to be caused by something other than ETEC. Third, the passive immunity conferred was of short duration, about 1 week, after which the piglets from vaccinated dams contracted diarrhea caused by a spectrum of agents similar to that which caused diarrhea in piglets from unvaccinated dams during their first week of life. The antigenic composition of vaccines designed to promote production of maternally derived antibodies should thus be adapted to provide protection not only against the most prevalent ETEC but against those most likely to emerge in a population by selective pressure because of the inadequacies of a vaccine. To obtain prolonged protection of the piglets, improved vaccination methods of the dams should be sought, probably in combination with vaccination procedures to stimulate active intestinal immunity in the newborn piglet.
